[1] Geochemical proxies in the skeletons of corals used for the purpose of reconstructing environmental records have typically been obtained from relatively fast-growing corals (usually >8 mm yr
Introduction
[2] The skeletons of scleractinian corals are the most common high-resolution biogenic proxy archives for sea surface temperature (SST) and salinity in the shallow tropical oceans of the world [Dodge and Lang, 1983; Dunbar and Wellington, 1981; Fairbanks and Dodge, 1979; Leder et al., 1996; Linsley et al., 2004; Weil et al., 1981; Wellington and Dunbar, 1995] . For the most part, studies of coral skeletal proxies in the Atlantic have lagged behind those in the Pacific in quantity and length of records, largely because of interest in El Niñ o-Southern Oscillation (ENSO) dynamics [Linsley et al., 2004; Wellington and Dunbar, 1995] . Unlike the Pacific or western Atlantic, there is a relative paucity of suitable corals for long-lived proxy records in the eastern tropical north Atlantic [Laborel, 1974; Morri and Bianchi, 1995; Wells, 1988] . However, because of the emerging significance of tropical North Atlantic climate variability [Curry et al., 2003; Enfield and Mayer, 1997; Enfield et al., 2001; Schmidt et al., 2004] , preinstrumental climate records from the eastern tropical North Atlantic are more desirable than ever.
[3] Within the Cape Verde Islands (Figure 1 ), the only suitable zooxanthellate coral for use as a preinstrumental proxy archive is Siderastrea radians. This slow-growing species of Siderastrea is common throughout the tropical areas of the eastern and western Atlantic as well as the Caribbean [Veron, 2000] . In the Caribbean, S. radians is generally a small, unobtrusive zooxanthellate coral species that is found predominantly in areas with higher sedimentation [Lirman et al., 2003] . Likewise, in the Cape Verde Islands, these corals are very successful in areas where they are periodically buried under 1 -2 cm of shifting coarse sands. Unlike the Caribbean and western Atlantic where S. radians grows to a maximum size of commonly less than 10 cm in diameter [Lirman et al., 2003] and has an annual extension rate between 5-12 mm yr À1 [Cortés and Risk, 1985] , the same species forms broad expanses of coral pavements commonly 1-3 m in diameter and an average of 10-15 cm thick [Laborel, 1974; Moses et al., 2003] . These corals also have an unusually slow extension rate of 1.3 (±0.3) mm yr À1 (N = 161) leading to some difficulty in the accurate interpretation of sclerochronology by X-radiograph (Figure 2 ). Porites astreoides is also present in the Cape Verde Islands, but it is less common than S. radians and not useful for decadal-scale or preinstrumental climate reconstructions due to its limited lifespan ( 40 years) locally [Moses, 2005] .
[4] The slow-growing nature of S. radians introduces several complications to the analysis of their skeletal proxy record. In addition, some potential environmental complications are suggested to influence the accuracy of the proxy records. This investigation resulted in the recognition of sampling limitations in the use of S. radians, and perhaps other slow-growing zooxanthellate corals, as robust proxy archives.
Methods and Definitions

Sample Collection and Preparation
[5] Field work for this project was carried out on the island of Sal in the Cape Verde Islands (Figure 1 ). Corals were cored using a 16 h.p. hydraulic drill fitted with a 10 cm diameter diamond-tipped core barrel. Since the pavements of S. radians were extensive in some areas, choosing the best location to take a core directly along the growth axis [Goreau, 1977] was often difficult. The coring was performed by a team of trained scientific divers using SCUBA. The corals were collected from depths of 4-6 m, thus avoiding the potential problems from vital effects reported with depths around 20 m [Erez, 1978; Fairbanks and Dodge, 1979; Weber, 1973; Weber et al., 1976; Weber and Woodhead, 1972] .
[6] Immediately after collection, the cores were soaked in fresh water for a few hours, rinsed with fresh water to remove the bulk of the organic material present in the living portion of the coral, and then air dried. No bleach (sodium hypochlorite; NaClO À ) or hydrogen peroxide (H 2 O 2 ) was used to remove organics or otherwise clean the skeletons.
[7] A masonry saw was used to slice the corals for sclerochronology, resulting in coral slabs 5-6 mm thick. After being washed, sonicated and dried, coral slabs were then X-rayed using a dental X-ray machine and Kodak Industrex AA400 X-ray film [Hudson et al., 1976; Knutson et al., 1972] . Settings for the X-ray machine are fixed at 15 mA and 70 kV, leaving time of exposure as the only variable. An aluminum wedge was used to calibrate density, and exposure times ranged from 7-11 seconds. at the University of Miami, RSMAS Stable Isotope Lab (SIL) using a hand held, low speed dental drill and a high precision New Wave TM micromill. Corals SAL-6 and CV-22 were sampled initially at a rate of one sample per year using the hand held dental drill in order to look quickly for any decadal-scale trends. This was carried out by continuous milling parallel to the axis of growth along the thecal wall between two corallites using a 1.6 mm diameter burr bit. Sample increments were determined by the annual density banding using high resolution scans of the x-radiographs enhanced by computer. The annual sampling by hand produced enough powder that each sample was analyzed in duplicate. Coral SAL-4, however, was not sampled annually by hand. All corals were sampled with the micromill by continuously milling along the thecal wall between two corallites. Setting the step increment of the micromill to 104 m maintained a sampling rate of 10-15 samples yr À1 despite the subtle changes in growth rate within each coral and from coral to coral. The drilling was performed in a direction perpendicular to the axis of growth at each step increment, progressing parallel to the axis of growth from step to step.
Modified Sampling Technique
[9] Normal recommended sampling methods, such as restricting sampling to a single skeletal element [Leder et al., 1996] , did not work well because such individual structures as the thecal wall are extremely fine in S. radians and are much more narrow ($50 m) than the drill bit of the micromill. In these corals, the diameter of the average polyp is $3 mm, thus we restricted the total width of the sample to less than half of that. In order to further limit time transgression in the horizontal (perpendicular to the growth axis) dimension, the transect was centered on the exotheca of two neighboring corallites. With this positioning, the drill progressed only 1/4 of the way across each corallite and was restricted to the least curved portion of the septa and dissepiments, remaining within a growth surface. The average micromill sample on SAL-6 was 1344 m wide and 450 m deep at a step increment of 104 m. This removed a volume of 6.3 Â 10 À2 mm 3 for each sample allowing the recovery of 40-70 g of powder. The exact amount of CaCO 3 powder recovered depended on the skeletal density and porosity of the sample volume. 
Terminology
[11] In this report, three terms of data sampling frequency are used to describe sampling as follows:
[12] ''Annual'' samples (indicated as Coral Ann ) are those taken with a dental drill by hand based on sclerochronology at a frequency of one sample yr À1 (continuous milling). Annual samples were analyzed as two replicate samples, and reported as the average value of these analyses.
[13] Samples referred to as ''monthly'' (indicated as Coral Mo ) were taken using the micromill as described above at a frequency of 10-15 samples yr À1 (continuous milling). The range in number of samples is the result of the constant sampling distance (104 m) applied over the slightly variable annual extension rates. These samples were then interpolated to a standard 12 samples per year and assigned to a specific month as described above.
[14] ''Annual average'' values (indicated as Coral AnnAvg ) are single values representing the mean of the 12 values in a given year. These data were produced by microdrilling at the higher sampling frequency for monthly samples, but were then reduced to a single data value per year for purposes of data analysis.
Environmental Data
[15] The SST data set used in this study is the National Climate Data Center (NCDC) Extended Reconstruction SST (ERSST) (v.2) with a monthly 2°Â 2°data set spanning January 1854-present [Smith and Reynolds, 2004] . The NCDC ERSST data set for the grid cell centered at 16°N, 24°W was used for the local Sal SST record in the absence of an otherwise complete instrumental record. Comparison of the NCDC data with an in situ thermistor over 18 months indicated an RMS difference of ±0.6°C, and a linear relationship very close to 1.0, indicating that the NCDC data sufficiently represented the actual SST at the study site. O means for SAL-6 and CV-22 is not statistically significant, indicating that overall, the annual, monthly and annual average sampling methods will all accurately represent the bulk 18 O value of the coral. The 13 C averages for the corals, using monthly values, were À0.60 (±0.30) % (N = 882) for SAL-4 Mo , À0.48 (±0.15) % (N = 588) for SAL-6t3 Mo , and À0.26 (±0.22) % for CV-22 Mo .
Results of Siderastrea radians Calibration
Bulk Stable Isotope Results
Results From Monthly Data
[17] The interpolated monthly data from these corals displays a clear seasonal signal (Figure 3) , with an average absolute annual 18 O range of 0.5-0.6%. When compared to the average annual temperature span of 5.4°C, this represents a relationship of about À9°C % À1 . This slope is quite large compared to the commonly accepted relationship between 18 O and SST [Leder et al., 1996; Weber and Woodhead, 1972; Wellington and Dunbar, 1995] , and is even higher than the relationship reported by Bagnato et al. [2004] for Diploastrea from the south Pacific (Table 1) . However, when monthly isotope values are considered rather than just the annual range, this steep relationship is reduced, but still suffers a wide range of values from coral to coral and even within corals (Figures 4 and 5 (Table 2) .
[18] Of particular interest is the wide range of SST -18 O calibration slopes ( Figure 5 ) and monthly 18 O records (Figure 3) found in the neighboring, parallel transects of SAL-6 ( Figure 5 ). The most likely cause of this difference is the time transgressiveness of the sampling procedure, and is discussed in more detail below.
Results From Annually Averaged Data
[19] Over the period of calibration, these corals track SST with annually averaged 18 O, but with some variability. Using the composite annual aver- ages built from the monthly data, it is evident that some of the range in calibration of these corals at the monthly level is propagated to the annual averages. While SAL-6t2 AnnAvg has a reasonable SST -18 O calibration slope of À3.38 (±1.69)°C % À1 , the neighboring parallel transect, SAL-6t3 AnnAvg (about 1 cm away in the same slab), has an annually averaged slope of À0.41 (±0.83)°C % À1 . SAL-4 AnnAvg has a slope of À2.53
, which is similar to the slope of the monthly samples, but with a tighter correlation. As the most severe example of an unorthodox calibration in these corals, CV-22 AnnAvg actually expresses a positive SST -18 O slope of 2.02 (±1.44)°C % À1 (Table 2 ). The monthly oxygen isotope values were negatively correlated with SST as expected, but the annually averaged values of that same monthly data yields a notably positive correlation. This is possible to explain because the seasonal SST signal is much greater than the difference in mean annual SST from one year to the next. The positive slope is likely caused by environmental factors that effect 18 O coral more than SST on an interannual basis [Moses et al., 2006] .
Results From Annual Data
[20] Annual samples were only taken in corals SAL-6 and CV-22. Each annual sample was split for duplicate analyses, and the difference between replicates was within machine precision. Neither SAL-6 Ann or CV-22 Ann showed any relationship between 18 O and SST. The slopes are À0.03 (±0.70)°C % À1 and 0.10 (±0.38)°C % À1 for SAL-6 Ann and CV-22 Ann , respectively. For both nearly horizontal calibration slopes the r 2 -value is <0.01. This lack of a significant relationship is likely a result of the temporally imprecise nature of bulk sampling. Overall, annual samples in these particular slow-growing corals fall well out of the range of other published values (Figure 6 ).
A Robust SST-
O Calibration
[21] When we applied modified sampling techniques to the three colonies and multiple transects O water ). The methods used to derive the calibrations listed above vary slightly from one manuscript to another and should be considered in the comparison of the results. The reader is referred to each manuscript for specifics.
b Weber and Woodhead [1972] used bulk samples for each coral and calibrated those bulk samples against the long-term average SST for that locality, and did not measure 18 O water at the given locations. This causes a general reduction in the accuracy of their equations. The equations listed here are a small representation of the total list of numerous calibrations published in their paper. 2005GC001196 within colonies, all sampled at the monthly scale (N = 2158), a robust SST -18 O calibration can be proposed for Siderastrea radians (Figure 7 ; Table 2 The slope of this equation is actually very similar to other published values [Abram et al., 2001; Bagnato et al., 2004; Dunbar and Wellington, 1981; Epstein et al., 1951 Epstein et al., , 1953 Gagan et al., 1998; Leder et al., 1996; Watanabe et al., 2003; Weber and Woodhead, 1972] (Table 1) .
Geochemistry Geophysics
4. Discussion 4.1. Considerations for a Record Retrieved from S. radians [22] In the past, calibration studies for coral 18 O thermometers have typically used the faster growing species that are available in order to gain the best temporal resolution. In the Pacific, corals from the genus Porites are the most commonly used [Gagan et al., 1994; Linsley et al., 2004; McCulloch et al., 1994; Watanabe et al., 2003; Weber and Woodhead, 1972; Wellington and Dunbar, 1995] . The skeletal structure of Porites is small enough that it is impossible to sample a single corallite or skeletal element by conventional microdrilling techniques. Accurate subannual sampling of Porites for 18 O is thus inherently dependent on the fast extension rate to ensure monthly or better sampling resolution.
[23] In the Caribbean and Atlantic, the coral of choice for isotope studies has classically been Montastraea sp. [Dodge and Lang, 1983; Fairbanks and Dodge, 1979; Goreau, 1977; Leder et al., 1991 Leder et al., , 1996 Swart et al., 1996] . Extension rates for Montastraea sp. in the Caribbean and tropical western Atlantic generally range between 5-10 mm yr À1 with well developed density banding in-depths shallower than 20 m [Dodge and Thomson, 1974; Fairbanks and Dodge, 1979; Hubbard and Scaturo, 1985; Hudson et al., 1976] .
[24] In contrast, the genus Siderastrea has only been used as a source of climate records in a few cases [Guzmán and Tudhope, 1998; Swart et al., 1998 ]. Swart et al. [1998] used a 65-year 18 O record from Siderastrea sp. as a means of reconstructing rainfall records in the Gulf of Guinea and showed that their 18 O record was dominated by the annual salinity signal created by river discharge from the Niger and Congo rivers. Guzmán and Tudhope [1998] showed, similarly, that over a period from April 1991-April 1992 about 60% of the 18 O signal in S. siderea from Panama could be linked to SST and that the remaining 40% of the 18 O signal was an indirect indicator of salinity. S. siderea has also been reported to suffer from ''significant and unexplained between-colony'' variations in 18 O records [Guzmán and Tudhope, 1998 ]. It is likely that much of the ''unexplained'' variability seen by Guzmán and Tudhope [1998] between colonies resulted from their coarse sampling method which involved sample sizes of 1 mg [25] Weber and Woodhead [1972] asserted that the majority of the difference in O calibrations were found between corals in different genera rather than just between different species. However, there are considerable morphological and ecological differences between S. radians and S. siderea that could be a concern for proxy records. Most notably, the morphology of the Cape Verde S. radians is flat and pavement-like [Laborel, 1974; Moses et al., 2003] , which leads to frequent burial in sediment, whereas S. siderea is typically hemispherical to spherical, often rising 0.5 m or more above the substrate. This is exemplified by the extension rate for S. siderea of 3-7 mm yr À1 in a similar depth range [Guzmán and Tudhope, 1998; Hubbard and Scaturo, 1985] which is an average of 385% faster than the growth rate reported in this study for S. radians from the Cape Verde Islands.
Possible Environmental Complications in the Cape Verde Islands
[26] The periodic complete burial of these corals in sediment due to the high energy conditions around the Cape Verde Islands could have an unknown effect on their 18 O record. Colonies of S. radians were shown by Rice and Hunter [1992] to be able to survive longer than two weeks of complete burial (LT 50 = 13.6 days), a period of time about half of the desired monthly proxy resolution. Periodic burial by sediment directly interferes with the growth of corals [Cortés and Risk, 1985; Dodge and Vaisnys, 1977; Rice and Hunter, 1992; Riegl, 1995] . Indeed, sublethal burial in S. radians has been demonstrated to be manifested in reduced radial growth rates in Florida [Lirman et al., 2003] . Repeated burial and excavation during the year could thus be expected to cause the slowing or cessation of extension for the given time intervals, making the assignment of a discrete date to a particular isotope value nearly impossible even with sampling at a higher resolution than was used in this project. Focused investigation into the effects of such burial on coral skeletal geochemical records would be an important contribution to this field.
[27] Another possible complication could be salinity variability, which would affect the oxygen isotope record of the coral skeleton [Epstein and Mayeda, 1953; Swart and Coleman, 1980] . The Cape Verde Islands are a dry archipelago in general, and the island of Sal, where these corals were collected, has little or no terrestrial freshwater runoff. Recently, Curry et al. [2003] have proposed the idea of secular changes in sea surface salinity (SSS) in the western tropical and subtropical Atlantic based on 40 years of instrumental data. Sclerosponges (Porifera:Sclerospongea, a type of cryptic, calcifying sponge) from the Bahamas support this assertion with proxy records recording substantial salinity variations at depths below 100 m [Rosenheim et al., 2005] . Unfortunately, there is no coherent record of SSS in the Cape Verde Islands. Considering the reported ability of Siderastrea to record salinity variations [Guzmán and Tudhope, 1998; Swart et al., 1998 ], it is possible that even minimal interannual variability in the SSS, on the order of ±0.1-0.2 psu, could be corrupting the O relationship at the annual and interannual scales resulting in the apparent lack of correlation [Moses et al., 2006] .
Time-Transgressive Nature of Sampling
[28] One limiting constraint on the sampling of coral skeletons with a drill, or even a microdrill, arises from the complicated three-dimensional nature of coral skeletal architecture. Sampling a particular location in a coral skeleton with a drill in an attempt to obtain a sample from a discrete time interval actually incorporates skeletal material deposited over a range of time. This sampling of a range of time can be referred to as the sampling being ''time-transgressive.''
[29] The time-transgressive nature of sampling corals and other biological accretionary skeletons is a factor that may often be easily overlooked, but needs to be recognized as a limiting constraint on the minimal resolution of the paleo-proxy derived from that organism. In S. radians and other slowgrowing corals, this problem becomes more significant than it is in corals with faster extension rates. Table 1 [30] To properly record approximately monthly values, more than 12 samples should be taken per year in order to insure that at least one relatively discrete sample is taken for each monthly period of time. It has been shown that in order to measure the full amplitude of the subannual range in SST (and other environmental parameters) that the number of samples per year is directly proportional to the relative fraction of the total amplitude that is recorded [Leder et al., 1996] . Leder et al. [1996] were able to achieve the best representation of the full amplitude in the 18 O derived SST signal by drilling 50 samples yr À1 . One reason they needed such a high sample density was the roughly 10°C range in south Florida SST. The annual SST range in Cape Verde is about half that amount, so it is likely the full 18 O amplitude could be retrieved at a rate of fewer than 50 samples yr À1 .
[31] However, in Cape Verde S. radians a rate of even 25-30 samples yr À1 would be impossible to achieve. Micromilling 30 samples yr À1 in this species would require a step increment of 40 m, well below the useful range of the micromill for this procedure. The drill mechanism, itself, is capable of 1 m step increments, however such accuracy in drilling in one dimension (x) is wasted in the other two (y and z). Even if the drill bit were not time-transgressive by itself at a 40 m step interval (x), the lateral extent (y) or depth (z) of drilling required to produce enough CaCO 3 powder to analyze by mass spectrometry would make the extreme precision in the growth direction meaningless. Herein lies the limiting resolution of this species of coral, and others like it with slow extension rates.
[32] At the annual sampling scale, it is easy to see that as much as 20-30% (exact amount will vary based on size and shape of the drill bit) of the sampled skeletal material may be from the previous or following year, rather than strictly limited to the target year. Even with a fine-scale drill bit, and a computer controlled step motor that is accurate at micrometer scale, time-transgressive sampling is unavoidable (Figure 8 ). While this issue is unnoticed in faster growing corals like Porites or Montastraea, where it is easy to take >25 samples yr À1 , the effect becomes progressively more pronounced in corals with slower growth rates, as in S. radians. Attempting to sample at a step interval below the resolution of the coral, when each of those samples is time-transgressive, produces less accurate ''smeared'' data instead of the desired higher resolution results.
[33] To further complicate the problem, the coral slabs that researchers work with are not the two dimensional objects they are often considered to be. Instead, the coral slab which is being drilled is actually a complex three dimensional structure of skeletal elements and polyp growth ''tracts.'' As a result, the time-transgressive nature of the drilling occurs in the full three dimensions (Figure 8) . The sample can be simultaneously time-transgressive in the direction of the drill tract and in two more orthogonal dimensions.
[34] As an example, SAL-6 was microdrilled at monthly resolution twice (SAL-6t2 Mo and SAL-6t3 Mo ). These two parallel transects were only about 1 cm apart, but the calibrations calculated from each varied widely from one another (Figure 3 ). The most likely explanation for this is the time-transgressive effect of the sampling. Even at the 104 m step increment used here, it is likely that in the two transects the percent ''month composition'' of a specific month varied from one transect to the next. The ''monthly'' intervals that were sampled in these two transects actually extracted some CaCO 3 belonging to the previous and following months.
[35] Hypothetically, a sample designated as March in the first transect may have contained, in addition to skeletal material from March, 20% material from February, and 10% material from April. Then, because of the small scale skeletal structures and three-dimensionality of the coral skeleton, the neighboring transect sample for the same March may have consisted of 5% February and 20% April. The result would be a calibration for the first transect that leaned toward a ''cooler'' SST -18 O relationship than the second transect sample which consisted of a higher percentage of skeleton deposited during warmer SSTs (Figure 9 ).
Minimizing Time Transgression and Calibration
[36] Our modified methods described in section 2.2 provide one alternative to minimizing the time transgression of sampling by micromill. By sampling along growth surfaces, and only over a minimal length of growth surface, each sample in S. radians is less time-trasngressive than samples attempted to be taken from individual skeletal components. For other corals, the best method for minimizing time transgression will vary dependent on the sampling mechanism (drill bit diameter, minimum step increment, etc.) and the skeletal structure of the species of coral. [37] The calibration of 18 O coral to SST for a coral is expected to be robust. That is to say, calibrations should be applicable to the same species in similar environmental conditions, and/or geographic ranges, and/or time periods. In addition to using the modified technique of sampling along growth surfaces described here, the final calibration proposed for S. radians in equation (1), is based on more than a single transect or a single core. This further helps to minimize the effects of timetransgressive sampling on the final calibration.
Conclusions
[38] This work has demonstrated that techniques which are sufficient or efficient for the analysis of geochemical proxies in other, faster growing species of corals have proven ineffective for use in slow-growing Siderastrea radians from the Cape Verde Islands. The primary limiting factors against the recovery of a well calibrated SST record from these S. radians are the unusually slow extension rate coupled with the time-transgressive nature of traditional drilling and microsampling methods. Recovery of a reliable SST signal depends on a modest subannual sampling rate (10-15 samples yr À1 ) in the least time-transgressive means possible. We have shown results that sampling rates of less than 4 samples yr À1 , or higher than 15 samples yr À1 , produce unreliable or inaccurate SST -18 O calibrations. In addition, drilling along skeletal growth surfaces, rather than restricting to a specific skeletal element (i.e., a thecal wall), minimizes the time transgressiveness of the sampling. In the case of the Cape Verde Islands, the possibility of secular salinity variations masking the expected SST -18 O relationship adds another complication for proper calibration. However, with care for sampling these slow growing corals, and an understanding of the environmental influences on their 18 O Figure 8 . Time-transgressive sampling is a function of the size and shape of the drill bit and the growth rate of the coral. This simple illustration is set to the relative scale of microdrilling S. radians. The alternating dark and white bands represent theoretical ''monthly'' growth intervals of approximately 100 m. Their zigzag pattern is tied to centers of calcification in the septa of S. radians. Notice that even with a modest depth of penetration (here shown as $150 m), the drill bit begins to sample a volume that is time-transgressive. Thus the sample that is analyzed in the mass spectrometer is truly representative of a time segment longer than the target interval (in this case, one month) or offset from the target time interval. The full height and width (5 mm Â 100 mm) of the coral slab have been greatly reduced here for the purpose of illustration. The schematic of the volume removed is enlarged for detail and is at a different scale than the rest of the drawing. After the initial sample taken by the microdrill, the subsequent samples created by continuous milling have the shape and dimensions shown here in the volume removed and are not actually the rectangular boxes they are often considered to be. records, it is possible to retrieve robust proxy records from S. radians in areas where there are few other sources for high resolution biogenic proxy records. 
